Introduction
A IRFOILS pitching rapidly to high angles of attack, and the accompanying phenomenon of dynamic stall, were first investigated for the case of sinusoidal motions. The progress in this area is reviewed by McCroskey 1 and Carr. 2 More recently, constant pitch rate (i.e., ramp) motions have been receiving a great deal of attention due to their applicability to supermaneuverable aircraft. Some of the earlier measurements of integrated load 3 ' 5 have now been complemented by computational results 6 ' 7 and high-resolution surface pressure measurements 8 ; whole-field velocity information is also becoming available. 9 Investigations into airfoils pitching at constant rate have typically considered airfoils pitching from a zero angle of attack to some large angle a max well beyond the static stall angle. It has been established that a major parameter governing the flow behavior is the nondimensional pitch rate Q* = aC/(2C/oo), where a is the constant pitch rate, C the chord, and £/« the freestream speed. It is clear that, in reality, the actual motion of the airfoil must deviate from the ideal ramp due to the finite acceleration and deceleration periods imposed by the damping of the drive system and the response characteristics of the airfoil. The computations of "nominally" constant pitch rate motions also include a brief initial acceleration period. To our knowledge, a systematic investigation of the effects of initial acceleration on the flow characteristics of an airfoil pitching to high angles of attack has not been undertaken. We note that studying such effects can provide not only further insight into the processes of vorticity generation and accumulation on unsteady surfaces, but also clues as to how these processes may be modified or controlled by the deliberate shaping of the pitch-motion trajectory.
In the present experiments, flow visualization is used to monitor the onset of leading-edge separation and the subsequent dynamic stall vortex development as the initial acceleration is systematically varied in magnitude and duration through the acceleration phase to constant pitch rate. The work presented here considers the case of incompressible flow at low-chord Reynolds numbers and relatively high pitch rate. 
Experimental Setup
The experiments were performed in a water channel (Engineering Laboratory Design, Inc.) with a test section 60 x 60 cm in cross section and 240 cm in length. The airfoil was an NACA 0012 with a uniform chord of C = 8 cm, a span of b = 45 cm, and was fitted on both ends with false walls parallel to the water channel walls. For the results described here, the freestream seed was set to £/«, = 10 cm/s resulting in a chord Reynolds number of 8 x 10 3 . A dc servo motor and a digitial servo controller (Galil, DMC-610) were used to pitch the airfoil about the quarter chord. The pitch-motion trajectory started at zero angle of attack, reached the desired constant pitch rate of a. after a period T a of constant acceleration, and stopped at the final angle of attack of 60 deg after a period T d of constant deceleration (see Fig. la) . The acceleration and deceleration periods were kept equal in this work. We characterize the pitch trajectory by the nondimensional pitch rate 12* and an acceleration parameter e = T a /T c , where T c is the *'ideal" constant pitch rate time scale needed for the motion. Note that the parameter e gives an indication of the fraction of the motion time used for acceleration/deceleration. The particular cases considered in this study correspond to (12* = 0.4; e = 0.6, 0.15, 0.037) and (12* = 0.2; e = 0.15, 0.037). Typical examples of the actual pitch trajectory executed by the airfoil are shown in Fig. Ib. The evolution of the flow was monitored using the hydrogen-bubble technique and laser sheet illumination at the airfoil midspan location. The hydrogen-bubble wire was placed approximately 1 mm upstream of the airfoil leading edge and was pulsed at 20 Hz. Flow images were sensed by a charge coupled device camera at a rate of 60 fields/s with an exposure time of 2 ms/field and acquired by a digital image acquisition system (Recognition Concepts, Inc., TRAPIX-5500) onto a hard disk in real time.
Results and Discussion
The evolution of the flowfield for the case (0* = 0.4; e =0.15) is illustrated in Fig. 2 . For each picture, the instantaneous angle of attack and the elapsed time from the start of the motion are indicated. The flow follows the contour of the airfoil, and in that sense appears fully attached, up to an angle of attack a = 27 deg. By the time the airfoil has reached a. = 34 deg, leading-edge separation and vortex formation have already begun with a visual signature of a perturbation near the leading edge. The first visual indication of onset of leading-edge separation and vortex formation was found to occur at (7; = 0.64 s; a s = 32 deg) after close inspection of the image time sequence; 7; and a s refer to the elapsed time and angle of attack at the onset of leading-edge separation. It should be noted that, based on the image acquisition rate, we estimate the value of a s to ±1 deg accuracy. The sequence of pictures in Fig. 2 also shows how the leading-edge vortex grows in time and evolves into the dynamic stall vortex. The flow evolution shown in this figure, including the formation of multiple large-scale vortices above the suction surface, is similar to the known computational and experimental results.
The effect of initial acceleration period on the onset of leading-edge separation for the cases considered here were determined from data similar to Fig. 2 . The results are summarized in Table 1 .
The results show that the onset of leading-edge separation is delayed to a larger angle of attack as the pitch rate increases. This is consistent with the well-established dynamic stall delay for increasing pitch rate. 1 ' 9 The most important observation, however, is that while the elasped time for leading-edge separation and vortex formation is affected by initial acceleration, the angle of attack where this occurs remains virtually unchanged. In fact, many of the details of subsequent flow development are also nearly the same. and initial accelerations which are different by a factor of 4. Note the similarity of the various events at similar angles of attack; there is, of course, a time shift between the occurrence of similar events in the two cases, as indicated earlier.
The downstream convection of the dynamic stall vortex was determined for all of the cases from image sequences similar to Fig. 2 . The vortex downstream position X (along freestream direction) was estimated using the center of the nearly circular region interpreted to be the signature of the dynamic stall vortex (e.g., see Fig. 2 ). The results are referenced to the fixed pitch axis location X p and are plotted in Fig. 4 . Note that the differences in the times for the onset of leading-edge separation among the various cases have been taken into account by using the relative time (T-T s ). The main result from Fig. 4 is that the initial acceleration period also has little influence on the downstream convection of the dynamic stall vortex for the cases studied. Note that the vortex convection speed U C /U«> (determined from a least-squares straight line fit to data) is 0.44 and 0.40 for 0* = 0.4 and 0.20, respectively.
To summarize, the results presented indicate that the elapsed time for the occurrence of various events is affected by the initial acceleration; the angle of attack where these events occur is practically unchanged, however. This includes the onset of leading-edge separation and many of the details of the dynamic stall vortex formation, downstream convection, and its interactions. These results imply that a convenient acceleration profile can be selected for experimental and computational studies without seriously impacting the dynamics of the unsteady stall process.
A scaling argument based on unsteady inviscid flow results had earlier suggested 10 that if the initial acceleration time scale is sufficiently short compared to the flow time scale, the onset of leading-edge separation might be expected to be insensitive to the motion history, as is resported here. This is consistent with the constant pitch rate, in viscid flow, lift-curve slope results in Ref. 4 which indicate that at high enough pitch rates motion history effects will saturate. We should mention that in all of the cases studied here, the acceleration period was short enough that it ended before the onset of leading-edge separation. Reference 10 further suggests that initial acceleration effects may become important for a combination of low pitch rate Q* and long acceleration period e.
We note that the results presented here only address the timing of the various events in the flowfield development. We do not know at this time how other important quantities such as the surface pressure gradient, surface vorticity flux, and the integrated load on the airfoil are affected as we change the acceleration period. These questions are currently being addressed by computing the flows discussed here using a two-dimensional Navier-Stokes solver. Preliminary computational results 11 corroborate the present findings.
